Curcumin, a natural polyphenol in the spice turmeric, has been found to exhibit anticancer activity. Although curcumin is generally considered an antioxidant, it is also able to elicit apoptosis through the generation of ROS, thereby functioning as a pro-oxidant in cancer cells. The present study investigated the effects of antioxidant pretreatment on curcumininduced cytotoxicity in the human cancer cell lines A2780, MCF-7, and MDA-MB-231. Cytotoxicity was enhanced by trolox, vitamin C or vitamin E; trolox, a water soluble vitamin E derivative, was the most potent. The combination of curcumin (10 µM) and trolox (10-50 µM) induced apoptosis of cancer cells as evidenced by PARP cleavage and caspase-3 activation. Furthermore, expression of the proapoptotic protein Bad was up-regulated and expression of the anti-apoptotic proteins Bcl-2 and Bcl-xl was down-regulated in cells that had been treated with trolox plus curcumin. ROS generation was detected in curcumin-treated cells and was significantly enhanced when cells were treated with trolox plus curcumin. Exogenous catalase or SOD1 did not alter cytotoxicity, while over-expression of either catalase or SOD1 did, pointing to the importance of intracellular hydrogen peroxide generation in cell killing. In conclusion, we demonstrated for the first time that antioxidants such as trolox can potentiate cancer cell killing by curcumin, a finding which may help in the development of novel drug combination therapies.
Introduction
Curcumin (diferuloylmethane), a natural polyphenol extracted from the spice turmeric, has been used widely in Asian countries as an alternative medicine [1] . This compound has been demonstrated to have anticancer activity in cell culture and animal model systems [1] [2] [3] [4] . It is considered relatively safe in humans as reported from many studies, and doses of up to 8 g per day are well tolerated. Curcumin has been tested in clinical trials [5, 6] .
The mechanisms of curcumin's anticancer properties have been extensively studied. Several mechanisms were proposed, including its inhibition of NF-κB [7, 8] , AP-1 354 [9] and COX-2 [10] signaling, and induction of DNA damage [11] . It is believed that curcumin could act as either antioxidant or pro-oxidant, depending on the concentrations used and the experimental circumstances [1] . We recently showed that curcumin acts as a metal ionophore, bringing transient metals, especially Cu (II), into cells, and leading to enhanced cytotoxicity [12] . Studies involving the interaction of curcumin with Cu (II) have indicated pro-oxidant effects, suggesting that the metal complex may be able to enter a redox cycle, similar to the Fenton process [13, 14] . We therefore postulated that curcumin's pro-oxidant activity may contribute to its anticancer effects in our model system. In order to confirm this assumption, vitamin E (α-tocopherol), vitamin C (Lascorbic acid), and trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid), a water soluble derivative of vitamin E [15] , were applied to test whether the cytotoxicity induced by curcumin could be attenuated by these antioxidants. To our surprise, neither vitamin E nor trolox attenuated the cytotoxicity induced by curcumin; instead, these compounds significantly enhanced curcumin's killing of cancer cells, with trolox being the most effective. These observations not only indicate new potential mechanisms of curcumin's anticancer activity, but also support a recently emerged notion that antioxidants such as vitamin E and vitamin C could be cytotoxic under certain circumstances [16] [17] [18] , which provides the rationale for potential applications of these antioxidants in cancer therapy. The present study was designed to understand and characterize how trolox enhances curcumin's cytotoxicity in cancer cells. We found that trolox enhances curcumin's cytotoxicity through generation of ROS, an action contrary to its typical antioxidant properties.
Materials and Methods

Materials
Curcumin, trolox, vitamin E, vitamin C, superoxide dismutase 1 (SOD1), and catalase were purchased from SigmaAldrich (St. Louis, MO). The (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) reagent was purchased from Promega (Madison, WI). Carboxy-H 2 DCFDA and tert-butyl hydroperoxide (TBHP) were purchased from Invitrogen (Carlsbad, CA). All other reagents were analytical grade and purchased from Sigma-Aldrich (St. Louis, MO).
Cell culture and cell viability assay MCF-7 and MDA-MB-231 cell lines were purchased from American Type Culture Collection (ATCC) and cultured according to the protocol provided by ATCC. A2780 cells were provided by Dr. Stephen Howell (University of California, San Diego). Cells were routinely cultured in RPMI-1640 medium supplemented with 10% FBS and 100 IU/ml penicillin, and 100 µg/ml streptomycin, at 37°C in a humidified environment containing 5% CO 2 . For viability assays, 5000 cells per well were seeded in a 96-well tissue culture plate with 100 µl RPMI-1640 medium, and 40% to 50% cell confluence was achieved within 24 hours. At that point, the medium was replaced with 100 µl of fresh medium and the cells were treated with various compounds at different concentrations and durations. Curcumin, trolox, and vitamin E were dissolved in ethanol for the stock and further diluted in cultured medium. Vitamin C and N-acetylcysteine (NAC) were prepared in PBS. After 72 hours of treatment, cell viability was assessed with the MTS reagent as we previously described [19] . Briefly, 20 µl of MTS solution was added to each well and cells were incubated at 37°C for 1 hour. The optical density was recorded at 490 nm using a spectrophotometer and data presented as a percentage of untreated cells cultured under the same conditions. The optical readings at 490 nm of untreated control cells were around 1.
Generation of catalase-and SOD1-overexpression cell lines
Catalase was over-expressed in A2780 cells as described by Bai et al. [20] . Briefly, 1.5x 10 6 A2780 cells were seeded onto a 100 mm culture dish and reached approximately 60-80% confluence after 24 hours. The expression plasmid vectors pZeoSV2(+) and pZeoSV2(+) containing human catalase cDNA (pZeoSV-CAT) were kindly provided by Dr. Cederbaum (Albany Medical College, New York). A2780 cells were transfected with pZeoSV2(+) and pZeoSV-CAT using the FuGene HD transfection reagent (Roche Molecular Biochemicals, Hoffmann, LA) following the instructions of the manufacturer. After 72 hours of transfection, cells were trypsinized and seeded at a low density onto 100 mm dishes in RPMI medium containing 300 µg/ml Zeocin, a selection reagent. Two weeks after transfection, survival clones were trypsinized and 60 cells were diluted in 10 ml medium and randomly plated into 96-well to achieve one cell per well for further selection. Another two weeks later, single cell clones were transferred to wells of a 24-well plate and cells were constantly kept in the medium containing 300 µg/ml Zeocin. When the cells reached 60% confluence, they were transferred to wells of a 6-well plate. Cells were then transferred to flasks and grown to a large scale. Catalase over-expression in each single clone was measured by Western blot. The clone that expressed the highest catalase level was chosen for the study.
The expression plasmid vector pcDNA3 was purchased from Invitrogen (Carlsbad, CA). We previously cloned human SOD1 cDNA in the pcDNA3 vector [21] . This was used to generate a SOD1 over-expression A2780 line. A2780 cells were transfected with pcDNA3 and pcDNA3-SOD1 vectors using the FuGene HD transfection reagent (Roche Molecular Biochemicals, Hoffmann, LA) following the instructions of the manufacturer. After 48 hours of transfection, cells were treated with 500 µg/ml G418. Two weeks later, surviving clones were trypsinized and split into a 96-well plate as described above.
Cells were constantly kept in the medium containing 500 µg/ml G418. Single cell clones were transferred progressively to a 24-well plate, a 6-well plate, and a flask. Over-expression of SOD1 was confirmed by Western blot. The clone that expressed the highest level of SOD1 was used for the study.
Detection of intracellular ROS
Intracellular ROS generation was analyzed using a fluorescent probe, Carboxy-H 2 DCFDA, following the manufacturer's protocol. A2780 cells were seeded in a 6-well plate (2.5 x10 5 /well) and cultured for 24 hours prior to treatment with curcumin (10 µM), trolox (50 µM) or a combination of the two for various time periods (0.5, 1, and 2 hours). Medium was then exchanged for serum-free medium and cells were incubated at 4°C for 10 min. Cells were then washed twice in 4 ml HBSS. ROS indicator H 2 DCFDA stock (10 mM) was prepared in DMSO and working solution (25 µM) was prepared in warm HBSS (37°C). Cells were incubated with H 2 DCFDA in HBSS at 37°C for 1 hour, protected from light, and were washed again with HBSS twice at room temperature. Fresh pre-warmed medium was added to cells and the plates were incubated at 37°C for 5 minutes to allow a short recovery time. After recovery, cells were detached by trypsin-EDTA and resuspended in 2 ml complete medium and transferred to a 15 ml tube and collected by centrifugation. Finally, cells were resuspended in 1 ml HBSS and the fluorescent intensity was examined by flow cytometry. For negative controls, cells were not treated but loaded with H 2 DCFDA dye. Positive controls were obtained by incubating cells with 100 µM TBHP for 1 hour. Fluorescent intensity was measured at 530 nm when the samples were excited at 485 nm.
Western blot analysis
Western blot was performed as previously described [19] . Briefly, cell lysates were prepared with cell lysis buffer, sonicated on ice, and centrifuged at 15,000g for 15 min to remove insoluble materials. Then 10-20 µg of cell lysate from each sample was resolved in 7.5% or 10% SDS PAGE gel, transferred to a PVDF membrane, and blotted with antibodies against human caspase 3, PARP, Bcl-2, Bcl-xl, Bad, and β-actin. All antibodies were from Cell Signaling Technology (Danvers, MA).
Results
Vitamin E, trolox, and vitamin C enhance curcumin's cytotoxicity in cancer cells
We first examined the effects of vitamin E, trolox, and vitamin C on curcumin-induced cytotoxicity in A2780 cells. Cells were treated with increasing concentrations of curcumin (100 nM-30 µM) in the presence of vitamin E, trolox, or vitamin C for 72 hours. Curcumin itself inhibited cell viability in a concentration-dependent manner, with an IC 50 at around 5.4 µM ( Table 1, Fig. 1 ). The inhibitory effect of curcumin on cell viability was significantly enhanced by pretreatment of the cells with trolox (Fig. 1A) , vitamin E (Fig. 1B) , and vitamin C ( 1C). The enhanced cytotoxicity of curcumin by trolox was also seen in other cancer lines including MCF-7 and MDA-MB-231 (Fig. 2) . Notably, trolox was the most effective enhancer of curcumin's cytotoxicity ( Table 1 ). The IC 50 of curcumin was reduced about 10-fold, to 0.58 µM in the presence of 10 µM trolox, and 0.31 µM in the presence of 100 µM trolox (Table 1 ). These results demonstrate that trolox, vitamin E, and vitamin C enhance curcumin's cytotoxicity in a concentration-dependent manner in cancer cells. To understand whether other antioxidants also increase curcumin's cytotoxicity, cells were pretreated with NAC, a widely used antioxidant [22] , prior to addition of curcumin. Interestingly, pretreatment of the cells with NAC did not potentiate curcumin's cytotoxicity (Fig. 1D) .
Curcumin plus trolox induces apoptotic cell death
Because trolox was the most effective enhancer of curcumin's inhibitory effect on the viability of A2780 cells, we explored the potential cellular mechanisms by which trolox acts in concert with curcumin to inhibit cancer cell viability. As shown in Fig. 3A , curcumin plus trolox induced cleavage of Poly (ADP-ribose) polymerase 1 (PARP) and activation of caspase 3, indicating that the combination triggers caspase-dependent apoptosis. To further understand how trolox and curcumin could induce apoptotic cell death, we examined expression of several apoptotic mediators in A2780 cells that had been treated with trolox and curcumin. We found that anti-apoptotic Bcl-2 and Bcl-xl protein levels were decreased by the combination treatment, whereas the pro-apoptotic Bad protein levels were increased (Fig. 3B) .
Curcumin plus trolox increases intracellular ROS levels
The mechanism underlying the inhibitory effect of curcumin plus trolox on cell viability and the induction of apoptosis was explored. Curcumin has been recognized Zheng/Payne/Taggart/Jiang/Lind/Ding Fig. 2 . Effects of trolox on curcumin's cytotoxicity in MCF-7 and MDA-MB-231 cells. Cells were pre-treated with 100 µM trolox for 15 min prior to addition of increasing concentrations of curcumin. Cell viability was analyzed by the MTS assay after 72 hours of treatment. Data (mean ± SE, n = 3) are expressed as percentages of the MTS level detected in untreated control cells. * P < 0.05, compared with untreated control cells, using one-way ANOVA followed by Dunnett's analysis. Table 1 . The effects of trolox, vitamin E or vitamin C on curcumin-induced cytotoxicity of ovarian cancer cells. A2780 cells were treated with curcumin at increasing concentrations in the presence or absence of 10-100 µM trolox, vitamin E or vitamin C for 72 hours. Cell viability was analyzed using the MTS assay. IC 50 (µM) values were calculated through nonlinear regression using the one site competition curve (n=3). to have both antioxidant and pro-oxidant properties, depending on the experimental circumstances [1] . Since the addition of trolox, a well-established antioxidant, enhanced curcumin's cytotoxicity, we examined the levels of ROS in A2780 cells. As shown in Fig. 4 , curcumin itself moderately increased intracellular ROS levels, as assayed with the H 2 DCFDA dye. The increase in ROS level was detected after 30 minutes of treatment with curcumin, an effect which persisted for 2 hours. Trolox by itself did not increase ROS levels. When added to cells with curcumin, intracellular ROS levels were significantly enhanced over time, with the highest level being detected after 2 hours of the combination treatment. 100 µM TBHP was used as a positive control of ROS generation and detection.
ROS generation induced by curcumin plus trolox on cell viability was further evaluated by using the antioxidant NAC. NAC is an antioxidant that promotes the biosynthesis of glutathione, the major anti-oxidant of the cytoplasm [22] . We found that NAC was able to significantly attenuate the ROS levels ( Table 2) and cytotoxicity (Fig. 5) , induced by curcumin plus trolox in A2780 cells, supporting the notion that ROS generation is largely responsible for the cytotoxicity.
Exogenous SOD1 and catalase have no effect on cytotoxicity induced by curcumin plus trolox
We recently reported that NAC plus copper generates extracellular ROS, which is cytotoxic to cancer cells [23] in a manner similar to that reported for vitamin C [24] . The concept of extracellular and intracellular ROS generation and its influence on cell function has been recognized [25] . To determine whether the cytotoxic effects of curcumin plus trolox occurred through extracellular generation of ROS, we added SOD1 (which converts superoxide to hydrogen peroxide) or catalase (which catalyzes the breakdown of hydrogen peroxide to Trolox Enhances Curcumin's Cytotoxicity Fig. 4 . Curcumin plus trolox increases intracellular ROS levels in A2780 cells. A2780 cells were treated with curcumin (10 µM) and trolox (50 µM), alone or in combination for 0.5, 1, and 2 hours. ROS levels were examined by H 2 DCFDA labeling with flow cytometry. Cells without treatment but with H 2 DCFDA dye were used as an untreated control. Cells stimulated by TBHP (100 µM) for 1 hour served as a positive control. Data (mean ± SD, n=3) were presented as percentages of the fluorescent level detected in untreated control cells. **, P < 0.001, compared with untreated control cells, using one-way ANOVA followed by Dunnett's analysis. Table 2 . The effects of NAC on curcumin/trolox-induced ROS levels. A2780 cells were treated with curcumin (10 µM) plus trolox (100 µM) for 2 hours in the presence or absence of 1 mM NAC. ROS levels were examined by H 2 DCFDA labeling with flow cytometry. Cells without treatment but with H 2 DCFDA dye were used as an untreated control. Data (mean ± SD, n=3) were presented as percentages of the fluorescent level detected in untreated control cells. * P < 0.05 (column 4 versus column 2), using one-way ANOVA followed by Dunnett's analysis.
Fig. 5. NAC attenuates curcumin (CC) plus trolox's cytotoxicity.
Fifteen minutes prior to addition of curcumin (10 µM) and trolox (50 µM), NAC (1 mM) was added to A2780 cells. Cells were then cultured for 72 hours and cell viability was measured by the MTS assay. Data (mean ± SE, n = 3) are expressed as percentages of the MTS level detected in untreated control cells. **, P < 0.01, using one-way ANOVA followed by Dunnett's analysis.
water) to the medium prior to addition of curcumin and trolox. If ROS was generated in the extracellular space by curcumin plus trolox, the addition of exogenous SOD1 or catalase would be expected to alter their cytotoxicity. As shown in Fig. 6 , the addition of exogenous SOD1 or catalase did not enhance or attenuate the toxicity of curcumin and trolox, ruling out a significant effect from Fig. 7 . Endogenous over-expression of SOD1 significantly enhances cytotoxicity induced by curcumin and trolox. A2780 cells stably over-expressing the SOD1 gene (pcDNA3-SOD1, with densitometry value shown on top, A) were treated with curcumin (10 or 30 µM) plus trolox (10 or 100 µM) for 72 hours. Cell viability was examined by the MTS assay (B). Cells stably transfected with the empty vector (pcDNA3 control) were used as a control. Data (mean ± SE, n = 3) are expressed as percentages of the MTS level detected in untreated control cells for each cell line. *, P < 0.05, compared with pcDNA3 vector control cells, using one-way ANOVA followed by Dunnett's analysis.
Zheng/Payne/Taggart/Jiang/Lind/Ding extracellular generation of ROS. In contrast, the cytotoxicity induced by 1 mM NAC plus 10 µM Cu (II) was enhanced by exogenous SOD1, and attenuated by exogenous catalase, which is consistent with toxicity due to extracellular ROS generation (data not shown, [23] ).
Over-expression of catalase reduces, while overexpression of SOD1 enhances, the cytotoxicity induced by curcumin plus trolox
To determine whether intracellular ROS generation by curcumin plus trolox was responsible for the cytotoxicity, we generated stable A2780 cell lines overexpressing catalase or SOD1. Endogenous overexpression of SOD1 (Fig. 7A ) significantly enhanced the cytotoxicity induced by curcumin plus trolox (Fig. 7B) . Compared to pcDNA3 vector control cells, overexpression of SOD1 dramatically decreased cell viability in cells that were treated with 10 µM curcumin plus 10 µM or 100 µM trolox, and 30 µM curcumin plus 10 µM or 100 µM trolox. In contrast, endogenous over-expression of catalase (Fig. 8A ) significantly attenuated the cytotoxicity induced by curcumin plus trolox (Fig. 8B) . For instance, in catalase over-expression cells that had been treated with curcumin (10 µM) plus trolox (100 µM), cell viability was significantly higher over that of P-Zeo vector control cells under the same treatment. These data provide evidence suggesting that intracellular ROS generation accounts at least in part for the cytotoxicity induced by curcumin plus trolox. The amplitude of the protection may indicate that either CAT is not able to get a full access to the intracellular compartments where hydrogen peroxides are produced, or the over-expressed CAT does not reach the level required to fully reverse the cytotoxicity.
Discussion
The present study demonstrated that several "antioxidant" vitamins, including vitamin E, vitamin C, and trolox, significantly enhance curcumin's cytotoxicity in A B Fig. 6 . Exogenous SOD1 or catalase has no effect on the cytotoxicity induced by curcumin (CC) plus trolox. One unit of SOD1 (A) or catalase (B) was added to A2780 cells prior to addition of curcumin and trolox at indicated concentrations. Cell viability was analyzed by the MTS assay. Data (mean ± SE, n=3) are expressed as percentages of the MTS level detected in untreated control cells. Trolox Enhances Curcumin's Cytotoxicity human cancer cells. Trolox, a water soluble vitamin E derivative, was the most effective in suppressing cancer cell viability and inducing apoptotic cell death. We therefore focused on characterizing and exploring the mechanism of trolox's potentiation of curcumin's cytotoxicity. Our findings reveal that trolox and curcumin act in concert to increase intracellular ROS levels, leading to apoptosis of cancer cells.
A number of cellular mechanisms have been described to account for curcumin's anticancer action, including the inhibition of intracellular signaling pathways such as NF-κB, AP-1, Cox-2, cyclin D1 and mTOR, and induction of DNA damage [1] . In spite of its initially recognized antioxidant property, curcumin has been found to be able to work as a pro-oxidant under certain circumstances [1] . Several studies demonstrated that curcumin by itself significantly increased ROS generation, and induction of oxidative stress constitutes a critical mechanism for its anticancer action [2, 26, 27] . We thus rationalized that the addition of antioxidants would attenuate curcumin's cytotoxicity. To our surprise, the addition of antioxidants such as trolox, vitamin E, and vitamin C did not attenuate curcumin's cytotoxic effects but in fact enhanced it, inducing apoptosis likely via increasing in generation of ROS. These observations add novel insight into our understanding of curcumin's anticancer action. That these antioxidants, when added with curcumin, resulted in greater oxidant generation provides a scaffold for new combination therapies.
Another "antioxidant", vitamin C, induces oxidative stress and a loss of cancer cell viability [28] which is greater in the presence of the "antioxidant" NAC [17] . To understand whether the combination of curcumin plus trolox produced its effects through ROS generated inside or outside the cell, we utilized two enzymes, SOD1 and catalase in our studies. The addition of either exogenous catalase or SOD1 (which are not able to cross cell membranes) had no effect on the cytotoxicity of the curcumin/trolox combination, indicating that ROS was not generated in the extracellular space. In contrast, manipulation of the cellular expression of either SOD1 or catalase altered cytotoxicity, SOD1 over-expression enhancing it and catalase over-expression decreasing it. Together these results suggest the essential role of endogenously generated hydrogen peroxide in cell killing by this drug combination. We suspect that potentiation of curcumin's cytotoxicity by trolox, vitamin C and vitamin E is due to their being electron donors, which allow for redox cycling of curcumin, though direct experimental evidence to support this hypothesis has yet to be generated. Consideration of the combined effects of redox active drugs may provide novel drug combinations with enhanced anticancer activity.
In conclusion, we demonstrated for the first time that antioxidants such as trolox, vitamin E, and vitamin C can potentiate cancer cell killing by curcumin, findings which may help in the development of novel drug combination therapies against cancer. 
